Structural changes in a 0.5Li 2 MnO 3 $0.5LiCoO 2 cathode material were investigated by X-ray absorption spectroscopy. It is observed that both Li 2 MnO 3 and LiCoO 2 components of the material exist as separate domains, however, with some exchange of transition metal (TM) ions in their slab layers. A large irreversible capacity observed during activation of the material in the 1 st cycle can be attributed to an 
Introduction
Lithium-rich transition metal oxides with a general chemical formula Li [Li 1Àx M x ]O 2 (M ¼ TM ions) are drawing worldwide attention as candidate cathode materials for next generation lithium-ion batteries. [1] [2] [3] [4] [5] [6] [7] [8] [9] They deliver reversible capacities of $250 mA h g À1 when charged above 4.5 V, which is signicantly higher than that delivered by the commercially available LiCoO 2 cathode material ($140 mA h g À1 ), and exhibit high rate capabilities. 7 Besides, these cathode materials are rich in manganese which make them cost-effective and eco-friendly.
The composition Li [Li 1Àx M x ]O 2 can be written in a twocomponent notation as (x)Li 2 MnO 3 $(1 À x)LiMO 2 , where both the components can be described by a layered O3 structure. This similarity is believed to be the reason for the structural integration between the two components, but how they actually coexist in a system remains a debatable subject. Some research groups believe that these two components exist as separate domains, 1, 3, 5, 6, 9, 10 while others assume that they form a solid solution. 11 Moreover, the reasons for a large irreversible capacity delivered by these materials during activation and reversible capacities of $250 mA h g À1 during subsequent cycles remain elusive. Over the past few years, numerous contradicting mechanisms have been proposed to explain the electrochemical processes in these materials. Armstrong et al. 12 and Yabuuchi et al. 13 proposed that an irreversible oxygen release along with lithium extraction accounts for the large irreversible capacity observed during activation of these materials. However, Hong et al.
14 reported that it is not oxygen removal, but the metalligand orbital hybridization which can contribute electrons during lithium extraction without oxidizing manganese ions beyond 4+. Quite contrarily, Ohzuku et al. 15 proposed the oxidation of octahedrally coordinated Mn 4+ ions as one of the reasons for the large capacity delivered by these cathode materials, although such oxidation can be realized at practically unattainable potentials. 16 Thus, there remains a fair amount of ambiguity towards understanding this novel class of cathode materials, both structurally and electrochemically.
In the present work, we investigate structural modications in electrochemically cycled samples of 0.5Li 2 MnO 3 $0.5LiCoO 2 by X-ray absorption spectroscopy (XAS). The aim of the present work is to exploit the element selectivity of XAS for elucidating the structural integration between the two components of the material on an atomistic-scale and the mechanism of electrochemical activation. Changes in the average valence state, electronic conguration and local coordination symmetry of TM ions in the material during charge and discharge are deduced from the near-edge region of the absorption spectra, called the X-ray absorption near-edge structure (XANES). In addition, structural changes such as the number of nearest neighbors, interatomic distances and structural disorder are quantied by tting a theoretical model to the extended region of the absorption spectra, called the extended X-ray absorption ne structure (EXAFS).
Experimental
The material was synthesized via a co-precipitation route previously reported. 7 The mixed manganese-cobalt hydroxide precursor was precipitated from an aqueous solution of transition metal acetates (Mn(CH 3 COO) 2 $4H 2 O and Co(CH 3 -COO) 2 $4H 2 O; Alfa Aesar (>98%)) with a stoichiometric ratio of Mn : Co as 1 : 1 and lithium hydroxide hydrate (LiOH$H 2 O; ABCR (>98%)) under vigorous stirring. Aer thoroughly rinsing with distilled water, the precipitate was dried at 393 K in a vacuum overnight. The dried precipitate was then ball-milled with a stoichiometric amount of LiOH$H 2 O for 3 h using zirconia jars and ethanol as a lubricant. Aer drying at room temperature, the mixture was annealed in air at 753 K for 5 h in a muffle oven. The annealed material was then pressed into pellets and calcined at 1173 K in a tube furnace for 6 h, followed by quenching in liquid nitrogen to obtain the nal material. The chemical composition of the as-synthesized material was determined by inductively coupled plasma/optical emission spectrometry (ICP/OES) (SPECTRO ARCOS, Ametek, Germany), while its crystal structure was determined by powder X-ray diffraction (XRD) using a Bruker D8 Advance diffractometer equipped with a Cu K a radiation source and a one-dimensional position sensitive detector.
Cathodes for electrochemical characterization were prepared by mixing 85 wt% active material, 5 wt% carbon black (Super C65, Timcal) and 10 wt% of a solution of polyvinylidene diuoride (Kynar® FLEX 2801, Arkema) in N-methyl-2-pyrrolidone (Acros Organics) acting as a binder. The resultant slurry was tape-cast on an aluminum current collector. A circular disc of 12 mm diameter was punched out of the slurry-coated aluminium current collector and constitutes the cathode in the cell. Electrochemical measurements were carried out in threeelectrode Swagelok cells using metallic lithium as the counter and reference electrode. A mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1 : 1 V/V) containing 1 M LiPF 6 (LP30, Merck) was used as the electrolyte and a glass ber lter (Whatman GF/D) as a separator. The cells were cycled between 2.5 V and 4.8 V vs. Li/Li + with a constant current density of 20 mA g À1 (i.e. C/10 with 1 C ¼ 200 mA g
À1
) using a Maccor Series 4000 battery testing unit. The cells were opened in a dry room and cathodes were washed with DMC. Once dried, the cathodes were sealed between adhesive-coated Kapton tapes to prevent exposure to air. The samples were then vacuum-sealed in a container and transported to the experimental station.
XAS measurements were carried out in the transmission mode at the Mn and Co K-edges of 0.5Li 2 MnO 3 $0.5LiCoO 2 in the pristine, charged (4.8 V) and discharged (2.5 V) states. The samples were measured at beamline KMC-2 of the BESSY-II synchrotron light source, Berlin, Germany. The beamline is equipped with a graded Si-Ge (111) double crystal monochromator. Higher harmonics were rejected by detuning the monochromator such that the intensity of the beam on the sample was 65% of the maximum possible intensity. Absolute energy calibration of the monochromator was carried out by measuring reference foils of pure Mn and Co simultaneously with the sample. The intensities of the incident beam and beams transmitted through the sample and the reference foil were measured using gas-lled ionization chambers. In addition to the pristine, charged and discharged samples of 0.5Li 2 MnO 3 $0.5LiCoO 2 , various reference compounds of Mn and Co such as Mn 2 O 3 , MnO 2 -pyrolusite, Li 2 MnO 3 , CoO and LiCoO 2 were also measured. All spectra were energy-calibrated with respect to the rst peak in the derivative spectrum of pure elements. Various data pre-processing operations were carried out as prescribed elsewhere 17 using the soware ATHENA of the package IFEFFIT. 18 The normalized component of the EXAFS signal was transformed to k space (i.e. wavenumber) and the resultant c(k) signal was multiplied by k 3 to emphasize the data at high k. The k 3 -weighted c(k) signal was then Fourier transformed and le uncorrected for a phase shi. A model function was generated by performing ab initio calculations using the code FEFF8.2 (ref. 19 ) and least-square tted to the data using the soware ARTEMIS of the package IFEFFIT. 18 The tting parameters involved a single amplitude reduction factor S 0 2 and an overall energy parameter DE 0 for each dataset. A fractional change in the bond length a t was rened for each coordination shell so that a change in the bond length DR was given by DR ¼ a t Â R theory . Furthermore, each coordination shell was assigned a separate mean-squared relative displacement parameter s 2 depending on the type of the backscattering atoms it contained and its mean distance from the central absorber.
The parameters for the multiple scattering paths were constrained in terms of those of the corresponding single scattering paths. 20 The statistical quality of an EXAFS t was evaluated based on its R-factor. Fig. 1 demonstrates the powder XRD patterns of various lithium-rich materials along with that of the LiCoO 2 reference compound. All major reections in the XRD patterns of lithiumrich materials can be indexed with a trigonal crystal system (space group R 3m). However, superlattice reections in the 2q range between 20 and 30 , representing the ordering of lithium and TM ions in the slab layers, can be specically assigned to the space group C2/m. With increasing Co-content, all peaks in the XRD patterns of lithium-rich materials shi to a higher angle towards those of the LiCoO 2 reference compound and the superlattice reections gradually disappear. Fig. 2 
Results

XANES
The normalized absorption spectra at the Mn and Co K-edges of the material are presented in Fig. 3 along with those of various reference compounds of Mn and Co. As shown in Fig. 3a , the absorption K-edge is characterized by a variety of edge-features such as an absorption threshold, a pre-edge peak corresponding to the 1s / 3d transition and a vertically rising main edge with a maximum corresponding to the 1s / 4p transition. A relative shi in the position of these features, called the chemical shi, provides an empirical mean of estimating changes in the average valence state of absorbing atoms. Since outer p-orbitals are less tightly bound and, therefore, more sensitive to chemical changes than inner d-orbitals, chemical shis observed in the position of the 1s / 4p peak are relatively large. As can be seen from Fig. 3a , the position of the 1s / 4p peak at the Mn K-edge of the pristine sample coincides with that of the Mn 4+ -containing reference compound. For the charged sample, this peak shis to higher energy and reverses to lower energy for the discharged sample. However, a consistent chemical shi is not observed at other edge-features, especially along the vertically rising main edge where spectra cross and no clear trend is observed. On the other hand, chemical shis at the Co K-edge appear less complex; see Fig. 3b . In the pristine state, the position of the 1s / 4p peak at the Co K-edge coincides with that of the LiCoO 2 reference compound. It shis to higher energy for the charged sample and reverses to lower energy for the discharged sample. The pre-edge region at the Mn K-edge is characterized by a splitting of the 1s / 3d peak into t 2g and e g peaks (inset in Fig. 3a ). For the charged sample, the pre-edge region is more intense and the peak splitting is less resolved. However, for the discharged sample, the intensity of the preedge region decreases and the peak splitting becomes clearer. On the other hand, the pre-edge region at the Co K-edge is characterized by a single peak corresponding to the 1s / 3d transition (inset in Fig. 3b ). The intensity of this peak increases for the charged sample and decreases for the discharged sample. besides an overall damping of other higher order peaks. However, for the sample discharged to 2.5 V, the amplitude of the EXAFS signals begins to increase again. Qualitatively, the EXAFS signals at the Co K-edge of the pristine, charged and discharged samples appear similar (Fig. 5 ). There is a systematic decrease in the amplitude of the signal for the sample charged to 4.8 V and an increase for the sample discharged to 2.5 V.
EXAFS
For comparison, the EXAFS data of Li 2 MnO 3 and LiCoO 2 reference compounds are presented in Fig. 6 . In the pristine state, the EXAFS data at the Mn K-edge of the material appear similar to those of the Li 2 MnO 3 reference compound and, therefore, are explained by the monoclinic structure of Li 2 MnO 3 (space group C2/m) 21 as shown in Fig. 7a . Best-t parameters are reported in Table S1 in the ESI. † The amplitude of the EXAFS signal coming from any coordination shell in the structure primarily depends on the product S 0 2 Â N, where N is the number of coordinating atoms in that shell. Therefore, these two parameters for any shell cannot be varied simultaneously in a t. This can be rationalized from the fact that when the number of oxygen nearest neighbors (O n-n ) in a t to the EXAFS data at the Mn K-edge of the pristine sample was constrained to that obtained from the theoretical model, the t rened S 0 2 to 0.67(6) which is consistent for Mn absorbers. Conversely, when S 0 2 was constrained to 0.68, the t rened O n-n to 6.2(7) which is also in agreement with the octahedral coordination of Mn 4+ ions in Li 2 MnO 3 . Moreover, the s 2 parameter which represents disorder also affects the EXAFS amplitudes. Therefore, the terms S 0 2 Â N and s 2 for a given shell are highly correlated in a t. Since S 0 2 is a property of absorbing atoms, [22] [23] [24] it is transferable between compounds with the same absorbing atomligand combination, whereas N and s 2 for any shell can be rened in a t. Thus, in order to quantify structural changes as a result of any physical or chemical changes that the sample has undergone, the value of S 0 2 can be constrained to that obtained from the starting material. The EXAFS data of the sample charged to 4.8 V were explained by a layered MnO 2 structure (space group R 3m) as shown in Fig. 7b . When S 0 2 was constrained to 0.68, the t rened O n-n to 6.7(6) ( Table S2 in the ESI †). The observed increase in the amplitude of the EXAFS signals for the discharged sample suggests structural reordering in the material. Quite consistently, the EXAFS data of the discharged sample were explained by a Li 2 MnO 3 structure as shown in Fig. 7c . When S 0 2 was constrained to 0.68, the t rened O n-n to 4.9 (6) ( Table S3 in the ESI †). Qualitatively, the EXAFS data at the Co K-edge of the material in the pristine, charged and discharged -containing reference compounds. The inset shows an enlarged pre-edge region of these spectra. states appear similar to those of the LiCoO 2 reference compound. Therefore, a layered structure of LiCoO 2 (ref. 25) could explain the data of all these states (Fig. 8) . Best-t parameters are presented in Tables S4 to S6 in the ESI. † Fig. 9 shows the variation in the average metal-ligand bond length around Mn and Co atoms of 0.5Li 2 MnO 3 $0.5LiCoO 2 during charge and discharge. As can be seen from Fig. 9a , the average Mn-O bond length in the pristine state is very close to that of Mn 4+ -O. However, the observed changes in this bond length during charge and discharge are superimposed by large uncertainties. Quite contrarily, changes in the average Co-O bond length (Fig. 9b ) are large and clearly follow a reversible trend. In the pristine state, the average Co-O bond length is similar to that of Co 3+ -O. For the charged sample, this bond length decreases, while for the discharged sample it increases and becomes similar to that of the pristine sample. represents the distribution of the backscattering atoms around their mean position and accounts for both thermal vibrations (thermal disorder) and static displacements (structural disorder) of atoms. 27, 28 Since all samples in the present study are characterized at the same temperature (i.e. room temperature), a systematic variation in their s 2 parameters can be attributed to varying structural disorder of the material as a result of electrochemical cycling, neglecting thermal disorder. As can be seen from Fig. 10a , structural disorder around Mn and Co atoms follows a trend. The pristine sample has the lowest, while the charged sample has the highest disorder. Structural disorder for the discharged sample is intermediate and appears to revert to that of the pristine sample. The statistical EXAFS t parameters at the Mn and Co Kedges of the material are reported in Table S7 in the ESI. † Good agreement between data and theory for all samples can be seen from their R-factors that are #0.02.
Discussion
XANES
Empirically, chemical shis in the absorption spectra are widely used to estimate changes in the valence of absorbing atoms.
29-35
However, this approach has oen proved to be subjective 33, 34 and confusing, 35 since in addition to the valence of absorbing atoms, chemical shis are also affected by other factors such as type, symmetry and number of nearest neighbors, character of bond etc. 29 Furthermore, the relative contribution of each of these factors to the observed chemical shis varies widely from one absorbing atom type to another in a material. This can be realized by observing the XANES region at the Mn and Co K-edges of various samples of 0.5Li 2 MnO 3 $0.5LiCoO 2 in Fig. 3 . The observed shi in the position of the 1s / 4p peak at the Mn K-edges will be discussed further in conjunction with changes in the average metal-ligand bond length around these TM ions.
EXAFS
In order to elucidate structural changes in 0.5Li 2 Fig. 6 .
Qualitatively, the EXAFS data at the Mn (Fig. 7a) and Co (Fig. 8a ) K-edges of the pristine sample appear similar to those of Li 2 MnO 3 ( Fig. 6a) and LiCoO 2 (Fig. 6b) with a higher atomic number (Z) such as Co along with Mn in the 2 nd shell due to some substitution of Mn by Co in the slab layers of Li 2 MnO 3 domains. As shown in Fig. 1 However, there may be some exchange between Mn and Co atoms in the slab layers of these domains as shown in Fig. 11 . As can be seen from Fig. 2 EXAFS signals at the Mn K-edge of the material during charge and discharge (Fig. 4) clearly suggest structural modications occurring in Li 2 MnO 3 domains during lithium extraction and/ or reinsertion. A preferential reduction in the amplitude of the 1 st peak corresponding to oxygen atoms in the 1 st shell around
Mn absorbers, besides an overall damping of other higher order peaks for the charged sample (Fig. 4b) , is consistent with those observed during an independent XAS investigation of Li 2 MnO 3 . 26 These changes have been attributed to a simultaneous removal of oxygen along with lithium during activation of Li 2 MnO 3 , giving rise to the formation of a disordered MnO 2 -type structure. 26 The best t to the EXAFS data of the charged sample by a layered MnO 2 structure (Fig. 7b) and an increase in the s 2 parameter of various coordination shells around Mn absorbers (Fig. 10a) conrm the similar structural changes as a result of a combined loss of lithium and oxygen (as "Li 2 O") from Li 2 MnO 3 domains of the material during activation. However, despite the oxygen release, the t for the charged sample rened O n-n to an unreasonably high value of 6.7(6). This can be attributed to a high correlation of the order of 0.89 between the s 2 and O n-n of the 1 st shell. Since atomic rearrangements caused by oxygen release increase the s 2 parameter of the 1 st shell (Fig. 10a) , the t systematically overestimates the value of O n-n for the charged sample. A similar difficulty in determining the number of nearest neighbors for disordered states of a system has been reported previously. 38 A subtle reduction in the average Mn-O bond length of the charged sample can be attributed to changing atomic arrangements around Mn absorbers due to oxygen release. This is also consistent with the observed change in the shape and intensity of the pre-edge peaks of the charged sample (see the inset in Fig. 3a) , since the pre-edge region is extremely sensitive to changes in the local coordination symmetry around absorbing atoms. 26, 29 However, the amount of O 2 -gas released during activation of lithium-rich materials is found to be much lesser than expected, when accounting only oxygen release to the entire charge capacity. 
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The observed increase in the amplitude of the EXAFS signals at the Mn K-edge for the discharged sample (Fig. 4) suggests structural reordering around Mn atoms of the material during lithium reinsertion. This is consistent with a decrease in the s 2 parameter of various coordination shells around Mn absorbers (Fig. 10a) . However, since permanent disorder induced in the material by an irreversible oxygen release cannot be reverted, the discharged sample exhibits slightly higher disorder and, as a result, a slightly damped amplitude of its EXAFS signals compared to the pristine sample (Fig. 4) . The best-t to the EXAFS data of the discharged sample is by a Li 2 MnO 3 structure and renes O n-n to 4.9(6). These results suggest that atomic rearrangements caused by lithium reinsertion into the layered MnO 2 -type structure gives rise to the formation of a Li 2 MnO 3 -type structure which is oxygen-decient. These results are in agreement with the observed similarities in the pre-edge region of the pristine and discharged samples (inset in Fig. 3a) , conrming that the structure regains its original ordered congu-ration during lithium reinsertion. Correspondingly, the s 2 parameter of the 1 st shell decreases and, therefore, unlike the charged sample, the t for the discharged sample could correctly estimate oxygen deciency in the material. However, the s 2 parameter of the 3 rd shell remains signicantly high and ill-rened upon discharge. This may be attributed to a permanent distortion in the arrangement of oxygen layers caused by the ion-exchange process. delivered by the cell during discharge clearly suggests that a signicant amount of lithium is reinserted into the layered MnO 2 -type structure. However, in the absence of a conventional redox reaction, the reinserted lithium could have been chargecompensated by the reduction of partially oxidized oxygen anions of the active material 26, 35, 40, 41 together with that of electrolyte solvent species at the cathode-electrolyte interface which may consume protons driven out of the structure during lithium reinsertion. 46 In fact, the structural reordering observed around Mn atoms of the material during discharge is consistent with that observed for Li 2 MnO 3 (ref. 26, 53 and 54) and has been specically attributed to the relaxation of strained oxygen layers caused by the ion-exchange process during discharge. 26 The observed loss of capacity in the 1 st cycle can be attributed to a permanent removal of oxygen along with lithium from Li 2 MnO 3 domains of the material during activation and should not be confused with an irreversible consumption of lithium in the formation of the solid electrolyte interface (SEI), since there is an innite supply of lithium ions in the form of lithium-metal anode in a half-cell conguration. Complete lithium deintercalation from LiCoO 2 gives rise to the transition of its original O3 structure to an O1 structure where the stacking sequence of close-packed oxygen layers is altered from an ABCABC to ABABAB. 55 A similar observation has been reported for other isostructural LiMO 2 (M ¼ TM ions) cathode materials. [56] [57] [58] It has been reported that a transition from the O3 to O1 structure proceeds with a gradual slippage between the MO 2 slabs, forming O1-type stacking faults. As the degree of lithium deintercalation increases, the extent of O1-type stacking faults within the O3 structure also increases until the entire O3 structure is converted to an O1-type structure. 56, 57 The observed reduction in the amplitude of the Fourier transform peaks at the Co K-edge of the charged sample suggests increased structural disorder in the deintercalated Li x CoO 2 domains as a result of the formation of O1-type stacking faults. Quite consistently, the s 2 parameter for various coordination shells around Co atoms increases (Fig. 10b) . However, the fact that the charged sample retains the same characteristic EXAFS features as the pristine sample despite a reduction in the amplitude suggests only partial lithium deintercalation from LiCoO 2 domains and thereby, an incomplete transition of their O3 structure to O1-type structure even at a potential as high as 4. without undergoing excessive lithium deintercalation and thereby, irreversible structural changes. The observed increase in the intensity of the pre-edge peak at the Co K-edge of the charged sample (Fig. 3b) suggests a reduction in the metalligand bond length around Co atoms of the material. 26, 29, 36 This is further complemented by an unambiguous reduction in the average Co-O bond length (Fig. 9b) and a clear shi in the position of the 1s / 4p peak to higher energy at the Co K-edge of the charged sample. All these results conrm oxidation of Co 3+ ions to Co 4+ during lithium deintercalation from LiCoO 2 domains. Lithium intercalation into an O1 structure is energetically unfavorable, since in this conguration LiO 6 octahedra share faces with the adjoining MO 6 octahedra.
55 A large electrostatic repulsion between Li + and highly oxidized TM ions makes such a conguration unstable. In contrast to this, lithium intercalation into an O3 structure gives rise to edge-sharing LiO 6 and MO 6 octahedra with minimum electrostatic repulsion and thereby, improved stability. Thus, lithium intercalation reverts O1-type stacking faults back to the original O3-type. 56, 57 This is conrmed by the observed increase in the amplitude of the EXAFS signals of the discharged sample, suggesting a reduction in structural disorder. Correspondingly, the s 2 parameter for various coordination shells around Co atoms of the discharged sample decreases. These results conrm the conversion of O1-type stacking faults back to the original O3-type during lithium intercalation into Li x CoO 2 domains. However, the amplitude of the EXAFS signal corresponding to the discharged sample remains slightly damped compared to that of the pristine sample, indicating that a complete conversion from O1 to O3-type structure has not occurred and the resultant structure at 2.5 V may contain some O1-type stacking faults. An increasing average Co-O bond length for the discharged sample is consistent with the reduced intensity of the pre-edge peak and a reverse shi in the position of the 1s / 4p peak at the Co Kedge (Fig. 3b) 
